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Abstract-Particle deposition on wafer surfaces in solutions 
can be described by the well-documented principles of colloid 
science. Particle concentration, solution pH, and ionic strength 
in solutions are all important factors which determine the num- 
ber of particles which deposit on wafer surfaces immersed in 
liquids. Maximum particle deposition is observed in high ionic 
strength acidic solutions and is reduced as solution pH in- 
crease. Particle removal efficiencies in various solutions were 
also investigated NH40H-HzOZ-HzO solutions were optimized 
in NH40H content around the ratio of 0.05: 1 :5  (0.05 part 
",OH, 1 part H20z, 5 parts HzO). Wafer damage as mea- 
sured by surface micro-roughness was not increased during 
NH40H-H202-H20 treatment using this ratio. 
I .  INTRODUCTION 
T CLEANING technologies will continue to be w important in ULSI fabrication of semiconductor de- 
vices. With the increase in pattern densities for ULSI de- 
vices, wet cleaning processes are needed to remove in- 
creasingly numerous, small particles in  order to obtain 
higher device yields and enhance circuit reliability. In or- 
der to minimize particulate contamination on semicon- 
ductor wafer surfaces, it is necessary to understand the 
mechanisms of particle deposition and removal. Factors 
such as the number of particles in solution, the zeta po- 
tential of those particles and the potential of the wafer 
surface are all important factors in the deposition and re- 
moval of particles 
Much work has been done to describe particle deposi- 
tion mechanisms on silicon wafer surfaces using the con- 
cepts of colloid chemistry and physics [ 11-[4]. As a re- 
sult, it has been shown that particle deposition can be 
described by well-documented principles of colloid sci- 
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ence. However, particle deposition and removal mecha- 
nisms in wet cleaning processes for use in semiconductor 
manufacturing have not yet been investigated qualita- 
tively. 
This paper will discuss the mechanisms of particle dep- 
osition and removal in wet cleaning processes using the 
principles of colloid chemistry. Furthermore, this paper 
will describe a wafer cleaning method that avoids wafer 
damage. 
11. EXPERIMENTAL 
The silicon wafers used for the particle deposition and 
removal experiments were 5-inches in diameter and (1, 0, 
0) oriented N-type. The wafers were first cleaned using 
0.5-percent wt. hydrofluoric acid (HF) solution. Two sets 
of the wafers were soaked for 10 minutes in a solution 
seeded with various particles, then rinsed and dried. When 
native oxide was formed on the wafer subfaces, the wa- 
fers were cleaned using 0.5-percent wt. HF solution again, 
then rinsed and dried. The following particles were used 
in the seeding experiment: 
a) Polystyrene latex spheres having a diameter of 0.506 
b) Silica latex spheres having a diameter of 0.3 pm and 
c) Particles naturally slurring in tap (city) water. 
Particle removal experiments were performed on wa- 
fers artificially contaminated by immersing into highly 
acidic solutions containing one of the above particles. 
Other wafers were artificially contaminated by exposure 
to the ambient atmosphere outside of the cleanroom. By 
these procedures, wafers having a total of 5000- 10000 
defects, classifies as either haze (c0 .5  pm) or particles 
( >0.5 pm) on their surfaces were prepared for cleaning 
experiments. After particle deposition, five wafers were 
subjected to each cleaning sequence. Cleaning efficiency 
was evaluated by calculating the ratio of particle counts 
before and after cleaning. The average of these ratios was 
reported as the cleaning efficiency. 
The cleaning sequence was carried out with four kinds 
of solutions: 
pm; 
1 .O pm; 
a) H2S04-H202 solution (4 parts 97-percent H2S04,  1 
part 30-percent H202);  
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b) HC1-H202-H20 solution (1 part 36-percent HCl, 1 
c) H202-H20  solution (1 part H 2 0 2 ,  5 parts H 2 0  at 
d) NH40H-H202-H20 solution (various parts 29-per- 
cent ",OH, various parts H202,  5 parts H 2 0  at 
Immersion time in each of the cleaning solutions was 10 
minutes except for the H2S04-H202 solution. Immersion 
time in this solution was 5 minutes. Following immer- 
sion, the wafers were rinsed for 10 minutes in ultrapure 
water. The wafers were immersed in 0.5-percent wt. HF 
solution to remove native oxide and rinsed again. 
Particle counts on all wafers were evaluated using an 
Aeronca WIS-100 wafer inspection system. The WIS-100 
classifies defects as particles ( >0.5 pm) or haze (parti- 
cles < 0.5 pm). Before the experiments, the WIS-100 
was calibrated with a relative standard wafer. Initial par- 
ticle counts, before the particle deposition and removal 
experiments, were less than 50 per wafers. Particle counts 
in solutions were evaluated using a Horiba PLCA-520 
laser particle counter. The number of particles in the 0.5- 
percent HF solution bath and the rinsing bath were less 
than 50 particledm1 ( >0.2 pm). Chemicals used in these 
tests were all of ULSI-grade and low particles concentra- 
tion. The cleaning and rinsing processes were manually 
performed in a wet station. 
part H202,  6 parts H20 at 80-90°C); 
80-90 O C) ; 
80-90 O C) . 
111. RESULTS AND DISCUSSION 
A.  Particle Deposition onto Wafer Surfaces 
1. Infruence of Solution pH: Fig. 1 shows the influ- 
ence of solution pH on particle desposition. 10-percent 
vol. of tap (city) water was mixed with an ultrapure water 
for seeding as natural particulate contaminants. Solution 
pH was adjusted by HC1 and H202 in acidic solutions and 
by NH40H and H202 in alkaline solutions. The concen- 
tration of particles in the seeding solutions was 5 * lo4 
particles/ml ( >0.2 pm). Maximum particle deposition 
was observed in highly acidic solutions; it decreased as 
solution pH increase. Fig. 2 shows the well-known effect 
of pH on the zeta potential of Fe203 particles [2]. It can 
be seen that the Fig. 1 and 2 curves match almost exactly. 
Since the zeta potential of particles are dependent on so- 
lution pH, solution pH is one of the most important fac- 
tors for determining particle deposition onto the wafer 
surfaces. 
Table I shows the isoelectric point (i.e.p.) of some 
common metal oxides, the solution pH at which the zeta 
potential becomes zero. Generally, the zeta potentials of 
metal oxides are positive in highly acidic solutions and 
become negative in highly alkaline solutions according to 
the following formula: 
LOW pH: M-OH + H +  + OH- Ft M-OH: + OH-; 
High pH: M-OH + H f  + OH- * M-O- 
+ H 2 0  + H'. 
P H  
Fig. 1 .  Deposition of tap water particles onto wafer surfaces as a function 
of seed solution pH. 10-percent vol. of Tap water was mixed with ultrapure 
water. Acidity/basicity was controlled by the addition of either HC1 with 
H,Oz or ",OH with HzOz. 
t 
P H  
Fig. 2.  Influence of pH on zeta potential of iron oxide (Fe,O,) (from Ni- 
ida, et al. [2]). 
TABLE I 
ISOELECTRIC POINT ( i .e .p . )  OF METAL OXIDES (FROM 
KITAHARA et al. [ 5 ] )  





PH 1.5 - 3 .1  
5.1 - 6 . 9  
6.0 - 6.1 
1.4 - 9 . 5  
9 . 3  - 10.3 
Fig. 3 shows the deposition of silica latex spheres onto 
wafer surfaces as a function of solution pH. Silica latex 
spheres simulate typical inorganic contaminants. Solution 
pH was adjusted by HC1 in acidic solutions and by 
NH40H in alkaline solutions. Concentration in the seed- 
ing solutions was adjusted to 5 * lo4 particles/ml ( >0.2 
pm), the same as in Fig. 1 .  Many silica latex spheres de- 
posited onto the wafer surfaces when the zeta potentials 
were positive. They did not deposit when their zeta po- 
tentials became zero or negative. 
Fig. 4 shows the deposition of polystyrene latex spheres 
onto wafer surfaces as a function of solution pH. Polysty- 
rene latex spheres represent organic contaminants. Solu- 
tion pH was adjusted in the same manner as the solutions 
containing silica latex spheres, and their concentration 
was also adjusted to 5 * lo4 particles/ml ( >0.2  pm). 
Many polystyrene latex spheres deposited onto the wafer 
surfaces from highly acidic solutions and deposition re- 
duced as solution pH increase. 
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Fig. 3 .  Deposition of silica latex spheres onto wafer surfaces as a function 
of seed solution pH. 0 .3  pm and 1 .O pm silica latex spheres having 5 * lo4 
particles/ml in solutions were used. Aciditylbasicity was controlled by the 
addition of either HCl or ",OH to ultrapure water. Haze and particles 
increased more than pH 10 due to irregular etching. 
h 104F 
I 






- 10'1 ' ' ' ' ' ' ' ' ' ' ' ' ' 
0 2 4 6 8 10 1214 
P H  
Fig. 4. Deposition of polystyrene latex spheres onto wafer surfaces as a 
function of seed solution pH. 0.506 pm polystyrene latex spheres having 
5 * lo" particles/ml in solutions were used. Acidity/basicity was con- 
trolled by the addition of either HCI or ",OH. Haze and particles in- 
creased more than pH 10 due to irregular etching. 
These experimental results show that the maximum 
particle deposition of both types of particulate contami- 
nants is observed in highly acidic solutions and is reduced 
with increasing solution pH. This result implies that 
highly alkaline solutions are suitable for wafer cleaning 
and particle removing. 
2.  Influence of Zonic Strength in Solutions 
Fig. 5 and Fig. 6 show the influence of ionic strength 
on particle deposition. In Fig. 5, the seeding solutions 
were made from increasingly concentrated mixes of poly- 
styrene latex spheres from lo4 particles/ml to 10' parti- 
cles/ml mixed into the very low ionic strength (18.2 
Mohm * cm) ultrapure water available at the Mini Super 
Cleanroom of Tohoku University [6]. The total number 
of particles deposited onto the wafer surfaces was inde- 
pendent of particulate concentration in the solutions be- 
cause of the low ionic strength. 
In Fig. 6 ,  the seeding solution was made from increas- 
ingly concentrated mixes of tap (city) water with the ul- 
trapure water. The particle concentration in the tap water 
was estimated as about 5 * IO5 particles/ml ( >0.2 pm), 
counted by the PLCA-520. The conductivity of tap water 
was about 200 pS/cm. In this case, the haze and particle 
concentrations on the wafer surfaces were dependent on 
I 
Blank 10' 10' 10' IO' 10' 
PSL Particles ( P/mL ) 
Fig. 5 .  Deposition of 0.506 pm polystyrene latex spheres onto wafer sur- 
faces as a function of their concentrations in ultrapure water. 
v 
BLank 0.01 % 0.1 % 1.0 % IO X 100 X 
Mixing ratio ( Tap W./ D.I.W. ) 
Fig. 6.  Deposition of particles in tap water onto wafer surfaces as a func- 
tion of the mixing ratio of tap (city) water with ultrapure water. 
solution particulate concentration because of ions in the 
solution. 
Fig. 7 shows the influence of increasing ionic strength 
more precisely. Ammonium fluoride (NH4F) solution was 
used for adjusting ionic strength in the seeding solutions. 
Polystyrene latex spheres and silica latex spheres were 
used for seeding and the particle concentration in the so- 
lutions was adjusted to 5 * lo4 particles/ml. Polystyrene 
latex spheres deposited onto the wafer surfaces when the 
ionic strength in solution became more than mole/l, 
and silica latex spheres deposited onto the wafer surfaces 
when the ionic strength became more than mole/l. 
Experimental results mentioned above can be described 
by well-documented principles of colloid science. Con- 
cepts such as the electrical double layer and zeta potential 
have proven quite useful in describing these phenomena 
and predicting the behavior of colloidal suspensions with 
changes in solution pH and ionic strength [5], [7]. 
Fig. 8 schematically illustrates the electrical double 
layer model between a very large particle and a submicron 
particle. Charge imbalances result when otherwise elec- 
trically neutral particles enter aqueous suspension. A 
tightly bonded shell of ions (the Stem layer) forms on the 
surface of the particle. This charge imbalance is counter- 
acted by a more diffuse outer shell of oppositely-charged 
ions. In solutions of low ionic strength, the outer shell is 
quite large as a greater volume of fluid must be incorpo- 
rated in order to accommodate a sufficient number of ions 
to neutralize the charge of the Stem layer. Electrical re- 
pulsion of associated diffusion shells keep adjacent par- 
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[ PH : 5.87 - 6.64 ) 
0.e PSLAddad"4FS01. 0 ,E---e--b 
i PH : 4.54 - 6.68 ) ,/ 
Ion Strength ( m d l  I 
Fig. 7. Deposition of polystyrene latex spheres and silica latex spheres 
onto wafer surfaces as a function of ionic strength in solutions. 0.506 pm 
polystyrene latex spheres having 5 * lo4 particles/ml in solutions and 0.3 
pm and 1 .O pm silica latex spheres having 5 * IO4  particles/ml in solutions 
were used respectively. Ionic strength was adjusted by ammonium fluoride 
("P). 
1*. - 
'i - Separation L e n l t h  h 
I 
particle, Surface Zeta Fbtential = 30 mV 
Fig. 8. Electrical double layer model between a very large particle and 
sub-micron particles. 
ticles separated, preventing coalescence. As the ionic 
strength is increased, the diffuse shells shrink, as less vol- 
ume is needed to achieve the required number of ions to 
balance the charges. Thus, particles can get much closer 
to each other before electrical repulsion occurs. In some 
cases, van der Waals attractive forces between particles 
can overcome this repulsive force and the particles coa- 
lesce. 
We propose thinking of semiconductor wafers as very 
large particles. Ionic double layers exist at the wafer-liq- 
uid interfaces and behave exactly as they do in colloidal 
suspensions. Fig. 9 shows the electrical double layer po- 
tential energy and van der Waals potential energy between 
a wafer and a particle. They are calculated under the con- 
dition that the zeta potential of each is 30 mV and the 
particle density is 0.5 pm. If the ionic strength of the so- 
lution were increased, the wafer ionic barrier and particle 
double layer would shrink, until the particles would be 
attracted to the wafer surface by van der Waals force, as 
illustrated in Fig. 6 and Fig. 7. If the zeta potential of the 
particles is of different sign from that of the wafer, the 
particles would be attracted to the wafer surface by the 
electrical double layer force and van der Waals force. This 
phenomenon was illustrated in Fig. 1, Fig. 3 and Fig. 4 
at low values of pH. 
B. Particle Removal from Wafer Surfaces 
I .  Comparison of Particle Removal Eficiency: Table 
I1 shows the particle concentrations in ULSI-grade chem- 
icals which were used in these experiments. 
Fig. 9. Electrical double layer potential energy and Van der Waals poten- 
tial energy as a function of ionic strength in solutions. "h" means sepa- 
ration distance between a very large particle and a sub-micron particle. The 
zeta potentials of a very large particle and a sub-micron particle having a 
diameter of 0.5 fim were assumed to be 30 mV. A positive potential energy 
means repulsion and a negative potential energy means attraction. 
TABLE I1 
SEMICONDUCTOR CHEMICALS 
PARTICLE CONCENTRATIONS I N  ULSI-GRADE 
0.2 pm UP 0.5 pn UP 
",OH 130-240 15-30 
H202 20- 100 5-20 
HF 0- 1 0 
HC1 2-7 1-2 
H2SO4 180-1150 10-80 
(Unit: Particles/ml). 
TABLE 111 
PROCESSES: PM: HzSO4 : H 2 0 2  (4 : 1 vol) 5 min. APM: 
",OH : H,02 : H 2 0  (0.1 : 1 : 5 vol) 10 min at 80 -90°C. 
HPM: HC1:H202:H20 (1 : 1 :6 vol) I O  min at 80 -90°C. 
PM: H20z  : H 2 0  (1 : 5 vol) 10 min at 80 -90°C. 




Source (4:l) (0.1:1:5) (l:l:6) (1 :5 )  
City Water 98.4 98.9 86.0 42.4 
PSL 91.7 99.2 55.2 7.2 
Environmental Air 95.8 96.3 86.9 0 
Si02  Latex 83.3 98.4 97.1 94.7 
(Unit: %) 
Table I11 shows the particle removal efficiency for each 
cleaning sequence. The H2S04-H202 solution and the 
NH40H-H202-H20 solution were found to have a high 
removal efficiency for all contaminated wafers. The 
NH40H-H202-H20 solution was especially excellent for 
removing particulate contaminants. These results were 
same as that reported by Mishima et al. [8]. Particle re- 
moval mechanisms from wafer surfaces in solution are 
presumed to be the following: 
a) Dissolution; 
b) Oxidizing degradation and dissolution; 
c) Lift-off effect by slight etching of the wafer surface; 
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D 
- ! 20 
d) Electrical repulsion between particles and the wafer 
The H2S04-H202 solution is expected to remove organic 
materials by the oxidizing degradation mechanism mainly. 
The HC1-H202-H20 solution is expected to remove met- 
als by dissolution. The H202-H20 solution operates by 
oxidizing degradation but is inferior to the H2S04-H202 
solution. The NH40H-H202-H20 solution is expected to 
remove particles by oxidizing degradation, the lift-off ef- 
fect and electrical repulsion, so that this solution is pre- 
sumed to have a high removal efficiency. 
surface. 
Poll. Source 
-Ci ty  Water 
,, *Si02 Latex 40;d 
2. Cleaning Eflciency of the N H 4 0 H - H 2 0 2 - H 2 0  
Solution with Decreasing NH, OH Content 
Experimental results mentioned in the particle deposi- 
tion section showed that the number of particles deposited 
on the wafer surfaces were almost equal from pH 8 to pH 
10. This indicates that the NH40H content in the standard 
NH40H-H202-H20 solution may be decreased much 
more. 
Fig. 10 and Fig. 11 show the particle removal effi- 
ciency as a function of NH40H content in NH40H-H202- 
H 2 0  solutions. The wafers used in these cleaning exper- 
iments were contaminated using tap water and silica latex 
spheres. The particle removal efficiency in Fig. 10 was 
evaluated by WIS-100 measurements of haze (<0 .5  pm) 
and particles. The particle removal efficiency in Fig. 11 
was based on measurements of particles only. These con- 
taminated wafers were cleaned by NH40H-H202-H20 
solutions in the ratio of X : 1 : 5 where X vaned from 0 to 
1. However, the deterioration of particle removal effi- 
ciency at high NH40H content was seen only in Fig. 10. 
It was reported in Mishima er al. [8] that haze increased 
using high NH40H content in this solution because of a 
slight silicon etching reaction. Therefore, this deteriora- 
tion is due to a wafer damage. 
Fig. 12 and Fig. 13 also show particle removal effi- 
ciency as a function of NH40H content in NH40H-H202- 
H 2 0  solutions. The contaminating sources in these figures 
were polystyrene latex spheres and ambient atmosphere. 
The particle removal efficiency was optimized in the range 
0.05: 1 : 5 to 0.25: 1 5 in the case of polystyrene latex 
spheres and : 1 : 5 to 0.1 : 1 : 5 in the case of ambient 
atmosphere. The reason for optimizing the cleaning effi- 
ciency using polystyrene latex spheres and ambient at- 
mosphere is unknown. 
Fig. 14 and Fig. 15 show the particle removal effi- 
ciency and the etching rate of wafer surfaces as a function 
of NH40H content. The particle removal efficiency was 
not always in proportion to the etching rate of the silicon 
surfaces in NH40H-H202-H20 solutions. This indicates 
that the particle removal mechanism for the NH40H- 
H202-H20 solution is not only the lift-off effect due to the 
slight etching but also the electrical repulsion between 
particles and wafer surfaces. 
Fig. 16 shows the relationship between the surface mi- 










o 10-5 lo4 to-* 0.1 t 
Mixing Ratio ( x : 1 : 5 
( NH40H : H202 : H20  ) 
Fig. 10. Haze (particles < 0.5 pm) and particle (>0.5 pm) removal ef- 
ficiencies as a function of ",OH content in NH,0H-Hz02-H20 solution. 
Wafer contaminating source was tap (city) water and silica latex spheres. 
100 
~ 
Poll. Source - City  Woter  
o 10-5 lo4 1c3  IO-^ 0.1 I 
Mixing Ratio ( X : 1 : 5 ) 
( " 4 0 H  : HzOz : Hz0 ) 
Fig. 1 1 .  Particle ( >0.5 pm) removal efficiencies as a function of ",OH 
content in NH4OH-HzOZ-HzO solution. Wafer contaminating sources was 
tap (city) water and silica latex spheres. 
Mixing Ratio ( X : 1 : 5 
( NH40H : t i202 : H20  ) 
Fig. 12. Haze (particles < 0.5 pm) and particle (>0.5 p n )  removal ef- 
ficiencies as a function of ",OH content in NH,0H-H,02-Hz0 solution. 
Wafer contaminating source was polystyrene latex spheres and ambient at- 
mosphere. 
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Mixing Ra t io  ( X : 1 : 5 ) 
( NH40H : H202 : Hz0 ) 
Fig. 13. Particle ( >0.5  p n )  removal efficiencies as a function of ",OH 
content in NH,OH-H,O,-H,O solution. Wafer contaminating source was 
polystyrene latex spheres and ambient atmosphere. 
' 80 
L 
I 8  
O lo-' lo-* 10" 1 
10 
NMOH : H202 : H20 
( x : 1 : 5 )  
Fig. 14. Relationship between particle removal efficiency and etching rate 
of a silicon surface as a function of ",OH content in ",OH-H,O,-H20 







NMOH : HzOz : HzO 
( x : 1 : 5 )  
Fig. 15. Relationship between particle removal efficiency and etching rate 
of a silicon surface as a function of ",OH content in ",OH-H,O,-H,O 
solution. Wafer contaminating source was polystyrene latex spheres and 
ambient atmosphere. 
1 0 ,  , , I  
0.01 ' ' 
4 : l  1:1:6 BLANK 3 050.10 0.25 1.0 
Rat io of ",OH Con ten t  HzS04-H202 
in ",OH-H 0 -H,O solution HCI-Hz02-HeO. 
?a:;:5) solution 
Fig. 16. Relationship between surface micro-roughness (Ra) and the fol- 
lowing wet cleaning sequences: (a) ",OH : H,Oz : H 2 0 *  (0.05 : 1 : 5, 
0.1 : I : 5 ,  0.25 : 1 :5, 1 : 1 : 5 vol) 10 min at 80 -90°C. (b) H,SO,: H,O,* 
(4 : I vol) 5 min * 4 times. (c) HCI : H z 0 2  : HzO* (1  : 1 : 6 vol) 10 min at 80 
-90°C. *: Ultrapure water rinsing for I O  min after chemical cleaning. 
face microroughness before and after was evaluated using 
Scanning Tunelling Microscopy (STM). Surface micro- 
roughness using NH40H-H202-H20 solutions increased 
as a function of NH40H content. However, it was not 
increased using the ratio of 0.05 : 1 : 5 in NH40H-H20- 
H 2 0  solution. 
The experimental results mentioned above recommends 
the ratio of 0.05 : 1 : 5 (0.05 part ",OH, 1 part H202,  5 
parts H,O) for particle removal. This means that NH40H 
content can be decreased to 5-percent of the conventional 
concentration [9]. Excellent particle removal efficiency 
and no damage of the silicon wafer surface are guaranteed 
at this mixing ratio. 
VI. CONCLUSION 
With the increase in pattern densities of ULSI devices, 
wet cleaning processes will be needed to remove ever 
smaller numerous particles from silicon wafer surfaces 
without the increase of surface micro-roughness in order 
to obtain higher device yield and enhance cicuit reliabil- 
ity. 
For particle deposition mechanism in solutions, the be- 
havior of semiconductor wafer surfaces can be described 
by well-documented principles of colloid science. First, 
particulate contamination levels on wafer surfaces were 
related to the ionic strength of process fluids. This means 
that ultrapure water with low ionic strength and particu- 
late concentration is essential for wet cleaning processes. 
Second, maximum particle deposition was observed in 
highly ionic strength acidic solutions and was reduced as 
a function of solution pH. Particulate concentration in 
acidic solution must be as low as possible. Furthermore, 
alkaline solution must be adequate for particle removal 
from wafer surfaces. 
In order to establish particle-free wafer surfaces with- 
out the increase of surface micro-roughness, particle re- 
moval efficiency was investigated using NH40H-H202- 
H 2 0  solutions of decreasing NH40H content. As a result, 
we have found that the particle removal efficiency is op- 
timized for NH40H content around 0.05 : 1 : 5 (0.05 part 
",OH, 1 part H 2 0 2 ,  5 parts H20) .  This means that 
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“,OH content can be decreased to 5-percent of the con- 
ventional concentration while still keeping high particle 
removal efficiency and without an increase of surface mi- 
cro-roughness. 
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